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Abstract 
Highly efficient solar thermal systems generally undergo stagnation conditions with temperature inside the solar collectors as 
high as 190-200°C, as soon as the domestic hot water demand is poor or when the system is off while the collectors are still 
submitted to a strong solar radiation (> 950 W/m²). These stagnation conditions are known to be one of the major problem of 
thermal solar systems and often lead to vaporization and glycol degradation, loss of performances, and the need for regular 
maintenance with associated costs for the end user. Thanks to a novel smart selective coating, characterized by a strong increase 
of its infrared emissivity (thermochromic effect) at a critical temperature, stagnation temperatures can be reduced to 150°C for 
solar radiation and ambient temperature of 1000 W/m² and 35°C, respectively. As the novel smart selective coating presents a 
high solar absorption coefficient (>94%) and a low emissivity (a6%) at low temperature, and because the thermochromic effect 
starts at a temperature around 70°C, the high performance of the new thermochromic thermal solar systems is guaranteed for 
domestic hot water heating. The properties of this new generation of selective coatings, based on a mixture of vanadium and 
aluminum oxides (VO2/VnO2n±1/Al2O3/SiO2), are presented and discussed with regard to composition, structure and optical 
properties analysis. FTIR spectroscopy and infrared camera pictures clearly show the strong increase of emissivity for 
temperature higher than 70°C. Aging performances (high temperature, humidity, thermal cycling) are also presented in order to 
guarantee a minimum life time of 25 years for the new generation of thermochromic solar collectors. Finally, stagnation 
temperatures recorded under the same natural sun radiation on scale one (2.3m²) standard and thermochromic collectors are 
compared. 
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1. Introduction 
Thermal solar systems equipped with highly efficient flat plate thermal solar collectors (i.e. solar absorption D > 
94% and infrared emissivity H < 6%) generally reach stagnation conditions in summer, as soon as the domestic hot 
water demand is poor or when the system is off, while collectors are still under a high sun radiation (holidays, 
electrical power breakdown, …). In such stagnation conditions the temperature inside the collector can be as high as 
190-200°C, which leads to glycol/water medium vaporization/condensation and degradation (glycol starts to 
evaporate at roughly 170°C). Without regular maintenance to replace the medium, or without the use of additional 
and costly regulation/purge systems (drain-back for example), the solar thermal system gradually loses its 
efficiency, and serious damages can occur in the system such as mud formation in the piping and inside the thermal 
exchanger. 
Thanks to a patented innovative smart selective coating, based on a mixture of vanadium and aluminum oxides 
(VO2/VnO2n±1/Al2O3/SiO2), with a reversible change of its infrared emissivity for a critical temperature close to 
70°C, stagnation temperature in highly efficient thermal solar systems can be reduced by more than 35°C, while 
keeping the high performance of the system until 70-80°C. A maximum stagnation temperature of 150°C was 
recorded with the new smart selective and thermochromic coating. Thus the medium (glycol/water) is fully 
protected and the new generation of smart thermal solar collectors does not need maintenance anymore. Moreover, 
the strong stagnation temperature reduction contributes to the cost reduction and the simplification of the thermal 
solar installation without system performance losses. 
In this paper, composition, structure, optical properties, and aging performances of this innovative smart selective 
and thermochromic coating are presented and discussed. Finally, the evolution of the absorber temperature recorded 
for scale one (2.3 m²) standard and thermochromic collectors submitted to the same sun radiation (1000 W/m² - 
35°C) are presented and discussed. 
2. Experimental details 
VOx/SiO  and (V, Al)O /SiO  coatings were deposited on aluminum substrates (solar quality: thickness of 0.4 2 x 2
mm, Ra < 0.3 μm, initial infrared emissivity < 3%) and silicon wafers by means of magnetron sputtering of 
vanadium (99.5%), aluminum (99.9%) and silicon (99.9%) targets in argon and argon/oxygen atmospheres. A 30 
liters vessel equipped with 2 planar magnetrons (2 inches in diameter) and a rotating/heating substrate holder was 
used for lab scale samples (50x50mm²) whereas an industrial in line coater equipped with 1.4 m long magnetrons 
was used to produce scale one (2.3m²) thermochromic thermal absorbers taken from coated aluminum coils (1 m 
width and 900 m long). As the as-deposited VOx/SiO  and (V, Al)O /SiO  coatings are amorphous, an annealing 2 x 2
process at high temperature (>500°C) for duration ranging from 120 to 300s is needed to obtain coatings with 
crystalline vanadium oxides. Detailed experimental conditions can be found in the patent PCT/FR2014/050590. 
A Bruker D8 Advance X-ray diffractometer equipped with Cu KD1 radiation (O = 0.15406 nm) and set in the 
Bragg-Brentano configuration was used to determine the film structure. The composition of the coatings, especially 
the vanadium and aluminum contents, was determined using a Philips XL 30.S scanning electron microscope (SEM) 
equipped with an energy dispersive spectrometer (EDS). Auger electron spectroscopy (AES) was also employed 
using a VG Microlab350 system with an high voltage of 10 kV and a probe current of 2 nA to detect the formation 
of aluminum oxide after the annealing process, and to perform composition depth profiles (1x1 mm²). 
Optical properties of the annealed coatings in the ultraviolet, visible and near infrared range (250 to 2500nm) 
were determined thanks to a Agilent Technologies Cary5000 spectrometer equipped with an integration sphere, 
whereas a Nicolet 6700 Fourier transform infra-red (FTIR) spectrometer equipped with a heating substrate holder 
(Linkam THMS600) was used to determine the evolution of the infrared emissivity of the samples for a wavelength 
of 8 μm, and for various temperatures between 30 to 160°C. Infrared pictures of the thermochromic coatings at low 
and high temperature were recorded thanks to a Fluke Ti-100 infrared camera set to a constant emissivity of 40%. 
In order to guarantee a final life time of at least 25 years for the new generation of thermochromic collectors, 
aging tests were performed according to the normalized TASK X procedure (ISO 22975-3) [1]. As the new 
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thermochromic selective coating shows a reversible change of its structure versus temperature, a special thermal 
cycling test was designed thanks to a programmable Linkam THMS600 substrate heater. The tested sample 
(30x40mm²) is heated up to 140°C at 150°C/min, maintained at 140°C for 2s and cooled down to 40°C with dry 
compressed air with a total cycle duration of 2min. In order to pass the cycling test, the sample has to survive at least 
6 000 thermal cycles with a maximal change of the optical properties defined by the performance criterion (PC) < 
0.05 inspired from the TASK X procedure (PC = 'D - 0.5'H). 
Finally, the evolution of the maximum temperature inside the collector (stagnation temperature) was recorded by 
a thermocouple (type K) attached directly to the back of the absorber at 2/3 of the height of the collector placed 
vertically (zone of the collector with the maximum temperature as shown by S. Föste et al [2]). In order to compare 
the stagnation temperatures, a standard and the new thermochromic collectors were submitted to natural sun 
exposure in summer (1000 W/m² and ambient temperature of 35°C) at the same day with the same initial 
temperature. 
3. Results and discussion 
3.1. Structure of the coatings after annealing 
As deposited VOx/SiO  coatings are X-ray amorphous and a subsequent annealing at high temperature in air is 2
required to form crystalline phases. The formation of a crystalline VO2 phase is necessary to have a thermochromic 
behavior of the coating as the thermochromic effect lies on a structural evolution from the monoclinic structure of 
VO2 at low temperature to the tetragonal structure (rutile) of VO  at high temperatures [3]. This structural evolution 2
versus temperature occurs at approx. 68°C and it is accompanied by a semiconducting to a metallic transition of the 
coating which leads to an increase of the infrared emissivity when the coating is deposited on a highly infrared 
reflective substrate such as aluminum [4]. Within our synthesis conditions, the x value in the chemical formula is a 
little bit higher than 2 to allow the formation of a mixture VO2 and V4O9 phases. The best properties of the coatings 
have been obtained for x close to 2.13. Figure 1 presents the X-ray diffractogram of a VO2.13/SiO2 coating annealed 
during 3 min. and 30 s at 550°C. 
 
Fig. 1. X-ray diffractogram of a VO2.13/SiO2 coating annealed 3min30s at 550°C. 
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As expected, the excess of oxygen in the amorphous VOx/SiO  layer leads after an annealing step of 3min30s at 2
550°C to the formation of both crystalline VO  and V O  phases. This particular composition helps to stabilize an 2 4 9
optimized infrared emissivity variation versus temperature as compared to pure VO2 coating because unlike pure 
VO2, the VO2/V4O9 mixture is semi-transparent for infrared wavelengths at high temperatures, as explained in the 
patent PCT/FR2014/050590. Thus, it has been shown that with this particular VO  + V O /SiO  coating, the infrared 2 4 9 2
emissivity at low temperature is close to 9% and increases up to 30% at 100°C. 
3.2. Influence of aluminum doping (optimization of emissivity at high temperature) 
To further increase the infrared emissivity variation versus temperature, VOx/SiO  layers were doped with 2
various amounts of aluminum, in order to form a new mixture of vanadium and aluminum oxides after annealing 
(VO2/VnO2n+1/Al2O3/SiO2). As the simultaneous formation of vanadium and aluminum oxides requires more energy, 
the annealing temperature was increased from 550°C to 575°C, and an optimal annealing duration between 3min 
and 3min30s, depending on the initial aluminum amount, was found for as-deposited coating with thicknesses 
between 180 and 200nm. Figure 2 presents the evolution of the infrared emissivity measured at 8μm versus 
temperature of coatings containing various amounts of aluminum, from 0 to 12 at. %, after annealing at 575°C. 
Fig. 2. Evolution of the infrared emissivity at 8μm of VO2/VnO2n+1/Al2O3/SiO2 coatings with Al content from 0 to 12at. %. 
Figure 2 clearly shows the positive influence of aluminum doping on the increase of the infrared emissivity at 
high temperatures. Emissivity values (H) were obtained thanks to the reflectance (R) of the coatings measured at 8 
μm and by applying the Kirchhoff low for opaque substrates: H(O,T) = D(O, T) = 1 – R(O,T). 
Without aluminum, the infrared emissivity reaches a peak of 46% at approx. 75°C and decreases to 30% at 
100°C. With an aluminum content of 4 at. % the emissivity peak is still evidenced at 75°C but the emissivity 
decrease at 100°C is limited to 36%. Then, for an optimized aluminum content of 8 at. %, there is nearly no 
emissivity peak and the infrared emissivity of the VO2/VnO2n+1/Al2O3/SiO2 coating can be as high as 42% at 100°C. 
Finally, for a higher aluminum content of 12 at. %, emissivity at 100°C decreases again to 30% without emissivity 
peak. 
As it is important to end at a clearly defined semi transparency in the hot state to achieve the maximum 
emissivity [5], the behavior can be explained as follows: In the cold state, the coating is transparent, regardless of 
the aluminum content. But the higher the aluminum amount before the annealing process is, the higher is the amount 
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of aluminum oxide formed after annealing, and the higher is the transparency of the VO2/VnO2n+1/Al2O3/SiO2 
coating in the hot state. So, if the aluminum content is low (0 and 4at.%), the coating passes from transparency 
through the optimal semi transparency to an absorbing state. The maximum emissivity is then established during the 
transition, resulting in a peak at 75°C and a lower emissivity in the absorbing hot state. As the aluminum content of 
4at.% leads to a slightly lower absorption in the hot state, the emissivity at 100°C is higher than for the pure VO2 
coating.  
The optimal semi transparency is achieved for an aluminum content of 8at.%, resulting in the highest emissivity 
at 100°C. When the amount of aluminum in the layer is increased further, the coating remains too transparent and 
does not reach the necessary semi transparency. Accordingly, the emissivity remains lower and the coating is less 
suitable as a thermochromic absorber material. 
From the material perspective, the emissivity peak at 75°C for low contents of aluminum (0 and 4at.%) can be 
explained because the proportion of aluminum oxide formed during the annealing process is certainly too small to 
significantly increase the semi-transparency of the coating at high temperature. In that case, aluminum atoms rather 
substitute vanadium atoms in the VO2 structure instead of forming a separate aluminum oxide. Thus, the coating 
behaves more or less like an Al-doped vanadium oxide layer for which the maximum semi transparency is reached 
around the critical temperature of 75°C. 
However, this phenomena reaches a limit for a critical amount of aluminum between 8 and 12at.% certainly 
because the oxidation of aluminum becomes priority over the oxidation of vanadium (the enthalpy of formation of 
Al2O3 is more negative) and the amount of crystalline VO2 becomes too small to ensure the full thermochromic 
effect. 
The formation of aluminum oxide finally contributes to a slight decrease of the infrared emissivity at low 
temperature, as observed on figure 1 for an aluminum content of 8 at. %. 
 
For an annealing temperature of 575°C, the formation of aluminum oxide cannot be evidenced by XRD, 
suggesting that this phase is still amorphous. However, Auger electron spectroscopy has been performed on a 
sample after annealing and the presence of aluminum oxide has been confirmed as shown in figure 3. Indeed, the 
Auger peak associated to aluminum oxide (probably Al2O3 as it is the most stable aluminum oxide) at 1386 eV can 
clearly be distinguished from the Auger peak from metallic aluminum at 1394 eV. 
 
 
Fig. 3. AES spectra of a (V, Al)Ox/SiO2 coating annealed 3min at 575°C. 
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AES spectroscopy can also be used to determine depth composition profiles. As an example, figure 4 presents the 
evolution of the chemical composition (at. %) versus the sputtering time for a VO2/VnO2n+1/Al2O3/SiO2 coating 
containing 8 at. % Al after annealing at 575°C. The formation of a mixture of vanadium and aluminum oxides 
clearly appears on figure 4, between the aluminum substrate and the SiO2 top layer. 
Fig. 4. AES depth profile of a VO2/VnO2n+1/Al2O3/SiO2 coating with 8at.% of Al. 
3.3. Thermal imaging (infrared camera) 
In addition to FTIR emissivity measurements, thermal camera is a very convenient tool in order to observe the 
increase of emissivity of optimized thermochromic samples versus temperature. Figure 5 presents two infrared 
pictures of two absorber surfaces (standard and thermochromic) welded on the same meander. When introducing 
cold water (13°C) in the meander, both surfaces appear with the same blue color (fig. 5a) as emissivity of both 
surfaces is very low (<6%). When introducing hot water (83°C) in the meander to trigger the thermochromic effect, 
only the thermochromic surface appears orange (fig. 5b) because of its strong increase of emissivity, around 40%. 
The standard absorber keeps its low emissivity (<6%) even at high temperature. 
Fig. 5. Infrared pictures of a standard and a thermochromic absorbers welded on the same meander. a) T=13°C and b) T=83°C. 
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3.4. UV-VIS-NIR spectrometry (solar absorption) 
In addition to a reversible evolution of the infrared emissivity versus temperature (typically between 6% to 42%), 
the new thermochromic absorber must present a high solar absorption (>94%) in order to convert as much sun 
radiation as possible into heat before the critical temperature Tc (70°C) is reached. 
Figure 6 presents the wavelength dependence of the total hemispheric reflection coefficient of a standard 
selective coating and of the new thermochromic coating versus wavelength between 250 and 2500nm. 
 
 
Fig. 6. Reflection curve between 250 and 2500nm for a standard selective coating and for the new thermochromic coating at ambient 
temperature. 
 
The solar absorption coefficient (D) can be calculated from the reflection curves from figure 6 using formula (1), 
with C(O) and S(O) being the reflection curve of the absorber and the solar radiation spectrum as a function of the 
wavelength, respectively. 
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Thus, the solar absorption coefficient of the standard and the thermochromic selective coatings is 95% and 94,5% 
respectively. With such an absorption coefficient, higher than 94%, and with an emissivity close to 6% at low 
temperature, the new thermochromic coating can be considered as a highly efficient thermal solar absorber for 
temperature below 70°C. 
3.5. Aging tests (temperature, humidity and thermal cycling) 
In order to verify that the new thermochromic coating will keep its high absorption coefficient (>94%) and its 
low infrared emissivity (<6%) at low temperature, for at least 25 years when used as a solar absorber in thermal 
collectors, several samples were submitted to high temperature (240°C) and to a low temperature (40°C) but high 
residual humidity environment (95%RH) for 600 h according to the ISO 22975-3 procedure. After 18, 36, 75, 150, 
300, and finally 600 h, the absorption coefficient and the infrared emissivity are measured for each sample and a 
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performance criterion (PC) can be defined thanks to formula (2). As long as the PC values are inferior to 0.05 the 
sample survives the test. 
HD '' 5.0PC  (2) 
Table 1 shows the PC values obtained for 3 samples of the optimized thermochromic coating during the high 
temperature aging test at 240°C. 
Table 1. PC values obtained during the aging test at 240°C of 3 samples from the optimized thermochromic coating. 
PC at 240°C after 18h 36h 75h 150h 300h 600h 
Sample#1 -0.005 -0.004 -0.007 -0.007 -0.009 -0,01 
Sample#2 -0.001 -0.002 -0.005 -0.005 -0.006 -0.005 
Sample#3 -0.009 -0.011 -0.011 -0.012 -0.013 -0.014 
 
As all the PC values from table 1 are negative, it can be conclude that the optimized thermochromic coating 
presents better optical properties after the aging test at 240°C for 600h. A similar behavior has already been reported 
for standard selective coating [x] and was attributed a reduction of the parasite reflection at the interfaces between 
the layers of the selective coating, thanks to solid state diffusion of atoms such as oxygen during the high 
temperature test. This diffusion makes interfaces between layers smoother, and the infrared emissivity after the 
aging test at high temperature is slightly lower than before the test. 
According to the test procedure an adhesion test was also made after 600h at 240°C on each sample. Figure 7 
presents a picture of the surface of the sample#1 after the normalized adhesion test. 
 
 
Fig. 7. Picture of the surface of the sample#1 after the normalized adhesion test performed after the aging test of 600h at 240°C. 
 
As no delamination of the coating can be observed on figure 7, the adhesion of the thermochromic coating on the 
aluminum substrate is still excellent after the aging test of 600h at 240°C (the same behavior was also reported for 
sample#2 and sample#3). 
Table 2 shows the PC values obtained for 3 samples of the optimized thermochromic coating during the low 
temperature (40°C) but high residual humidity (95%RH) test. 
Table 2. PC values obtained during the aging test at 40°C and 95%RH of 3 samples from the optimized thermochromic coating. 
PC at 240°C after 18h 36h 75h 150h 300h 600h 
Sample#1 -0.001 0.001 0.001 0.017 0.022 0.034 
Sample#2 -0.002 0.001 0.004 0.012 0.015 0.029 
Sample#3 -0.004 0 0.003 0.018 0.023 0.04 
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According to the PC values of table 2, it can be concluded that the 3 tested samples also passed the low 
temperature and high humidity test. The formation of aluminum oxide during the annealing process at high 
temperature can certainly explains the good humidity resistance of the thermochromic coating, as reported by Ji Yu-
Xia et al [6]. 
As the new thermochromic coating changes its structure to strongly increase its infrared emissivity at a critical 
temperature close de 70°C, a new thermal cycling test between 40 and 140°C was design in order to verify that the 
infrared emissivity variation versus temperature of the thermochromic coating will satisfy a performance criterion 
inspired from the ISO 22975-3 TASK X procedure. According to a domestic hot water heating system simulation 
with a climate from south of France (Carcassonne), a critical number of 6000 thermal cycles was determine to be 
representative of a thermochromic absorber life time of 25 years. Table 3 presents the absorption and the infrared 
emissivity before and after 7100 thermal cycles between 40 and 140°C, as well as the calculated PC values at low 
and high temperature after the cycling test. 
Table 3. absorption, emissivity, and PC values obtained before and after 7100 cycles (40-140°C) of the optimized thermochromic coating. 
D, H and PC values Before cycling After 7100 cycles 
D 0.945 0.94 
H at low T° 0.065 0.059 
H at high T° 0.42 0.407 
PC at low T°  0.002 
PC at high T°  -0.0015 
Once again PC values are clearly below 0.05 after the cycling test and the change of emissivity versus 
temperature remains nearly unaltered: 'H = 35.5% and 34.8% before and after the cycling test respectively. 
As a conclusion, the new thermochromic coating passes all the aging and cycling tests and can be considered as a 
new smart and highly selective coating for solar thermal application with a life time of at least 25 years. 
3.6. Stagnation temperature measurements 
Figure 8 presents the evolution of the stagnation temperature as a function of the natural sun exposure duration 
for a standard solar thermal collector and for the new thermochromic collector with a solar absorption of 94.5 % 
(figure 6) and a reversible variation of emissivity from 6 to 42 % versus temperature. 
Fig. 8. Evolution of the stagnation temperature versus natural exposure time, for a standard thermal solar collector and for a collector equipped 
with the new thermochromic absorber. 
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For temperatures below 65°C, the evolution of the absorber temperature for both collector is exactly the same 
because solar absorption and infrared emissivity of both solar collectors are similar for this range of temperatures. 
Then, for a critical temperature close to 65-70°C, the infrared emissivity of the thermochromic collector increases to 
reach 42% at around 100°C (figure 2). With this increased difference of stagnation temperature between the two 
collectors, the temperature difference increases gradually. Finally, when the sun radiation and the ambient 
temperature are maximum (1000 W/m² and 35°C respectively) the maximum stagnation temperature difference 
reaches 36°C which corresponds to the difference of infrared emissivity of the thermochromic collector. The 
stagnation temperature of the standard collector is close to 190°C, whereas the stagnation temperature of the 
thermochromic collector is around 154°C. 
With such a low stagnation temperature, the medium (glycol + water) is fully protected and can be guaranteed for 
the life time of 25 years of the thermochromic collector, without maintenance. Moreover, for an initial pressure of 
3.5 bar in the collector, the strong reduction of the stagnation temperature leads to a strong reduction of the 
vaporization of the medium into the thermal solar system. Indeed, the evolution of the pressure inside the collector 
was recorded for sun exposure conditions corresponding to figure 7, and a maximum pressure increase of 0.25 bar 
was measured for the thermochromic collector whereas a pressure increase of more than 1 bar was observed for the 
standard collector. 
4. Conclusion 
A new generation of thermochromic thermal solar collectors with a high sun power conversion factor at low 
temperature and with a reversible variation of the infrared emissivity for a critical temperature close to 70°C has 
been developed. Various aging and cycling tests were performed and the new thermochromic selective absorber 
(VO2/VnO2n±1/Al2O3/SiO2 coating on aluminum) can guarantee a life time of at least 25 years without significant 
change of its optical properties. Thus, besides allowing a significant reduction of the stagnation temperature ('T > 
35°C), the new thermochromic collector helps to strongly decrease the stress inside the thermal system due to high 
pressure variation and to increases the reliability of the whole thermal solar installation. Finally, and because the 
new thermochromic collector controls its own maximum working temperature, there is no more limitation of the 
number of thermal solar collector that can be installed. For example, the number of collectors can be oversized on 
purpose to have enough heat generation during seasons with low sun radiation, without problems associated to 
stagnation/vaporization in summer. Recently, a second generation of thermochromic collectors with a variation of 
infrared emissivity from 6 to 48 % has been developed. In that case, the maximum stagnation temperature is 
expected to be lower than 150°C with a further reduction of stagnation/vaporization issues. 
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